This study examines the effects of the inclusion of the co-benefits on the potential installed capacity of carbon dioxide capture and storage (CCS) projects with a linear programming model by the clean development mechanism (CDM) in India's power sector. It is investigated how different marginal damage costs of air pollutants affect the potential installed capacity of CCS projects in the CDM with a scenario analysis. Three results are found from this analysis. First, large quantity of IGCC with CCS becomes realizable when the certified emission reduction (CER) prices are above US$56/tCO 2 in the integrated Northern, Eastern, Western, and North-Eastern regional grids (NEWNE) and above US $49/tCO 2 in the Southern grid. Second, including co-benefits contributes to decrease CO 2 emissions and air pollutants with introduction of IGCC with CCS in the CDM at lower CER prices. Third, the effects of the co-benefits are limited in the case of CCS because CCS reduces larger amount of CO 2 emissions than that of air pollutants. Total marginal damage costs of air pollutants of US$250/t and US$200/t lead to CER prices of US$1/tCO 2 reduction in the NEWNE grid and the Southern grid.
Introduction
Climate change is one of the biggest environmental problems and emerging countries increasingly become responsible for the problem. For a country like India, moving away from coal till 2030 is not a viable solution given the country's GDP growth aspirations and the time taken for new technologies to be researched and made commercially available (Gosh, 2010) . As a result, CO 2 emissions from India's power sector are anticipated to grow inevitably in the future.
Carbon dioxide capture and storage (CCS) is a process consisting of the separation of CO 2 from industrial and energy-related sources, transport to a storage location and long-term isolation from the atmosphere. (IPCC, 2005) . However, there is little prospect for CCS on a commercial basis in India over the next 10-15 years (Shackley and Verma, 2008) . Government of India has not introduced any policies or legislation dedicated to encouraging the development of CCS (Condor et al., 2011) . According to Roman (2011) , India has excluded CCS from its official mitigation scenarios because any investment in CCS will cause a price increase that is politically untenable. CER prices and the marginal damage costs of air pollutants.
Power generation mix linear programming model
This paper analyzes India's power generation mix by developing an LP model using General Algebraic Modeling System (GAMS) to assess the potential capacity of the CCS projects in the CDM with co-benefits. Pittela and Rübbelkeb (2008) and Nemet et al. (2010) survey studies of co-benefits. Since developing countries are not obliged to reduce GHG emissions, studies in evaluating the impacts of co-benefits of GHG mitigation are lacking (Shrestha and Pradhan, 2010) . While Chen et al. (2011) , Zhang et al. (2012a) , and Zhang et al. (2012b) reveal the critical effects of CCS up to 2050 to mitigate CO 2 emissions substantially with an LP model in China, these studies do not consider the aspects of co-benefits and CDM. Shrestha and Pradhan (2010) and Mondal et al. (2010) examine co-benefits using a MARKet Allocation (MARKAL) model in the power sector of developing countries. Although these studies discuss the future possibility of the implementation of the CDM through the obtained results from CO 2 prices, they leave additionality out of consideration. Murata and Endo (2010) develop the model to evaluate the CDM potential of advanced power generation technologies in consideration of the additionality condition of CDM activities in China. This study only includes air pollutants as emission constraints and does not clarify the affects of the inclusion of the co-benefits on potential of power generation technologies.
The model we develop outputs optimized power capacities and generating electricity; technology installation period, and system costs. The model is suitable for a quantitative assessment of energy technology under different economic, social, political, and technical development assumptions. The power generation system of the base year is given to represent the base year. Efficiencies, costs, availability, capacity factors, and constraints of the power generation technology are specified. The reference energy system is the structural backbone of the model. The objective function is to maximize profit of the power sector with satisfying future final power demand given exogenously.
The system costs consist of investment costs; and variable operation and maintenance (O&M) costs. Moreover, the costs of the primary energy consumption are added for fossil-fired power generation. The objective function to estimate the baseline and potential of the CDM projects including co-benefits is expressed as equations (1) where π is the profit, j is index to the generation plant types, s is index to the years, h is index to the hours, Y j,s,h is the power output of the generation plant type j at the hour h in the year s, ogp is the on-grid power price, f j,s is the fuel cost of the generation plant type j in the year s per power generation, ε j is the consumption of the fuel by the power generation, v j is the variable O&M cost of the type j, r is the annual discount rate, X j,s is the newly installed capacity of the type j in the year s, inv j is the investment cost of the type j per installed capacity, crf s is the capital recovery factor in the year s per installed capacity, QCER s is the quantity of the CER in the year s, share is the share rate of the profit, pcer is the CER price, csox is the marginal damage costs of SO x , SOX s is the SO x emissions in the year s, cnox is the marginal damage costs of NO x , and NOX s is the NO x emissions in the year s. The equation (1) only includes selling generated power every year as the obtained profits. On the other hand, the equation (2) includes the revenue from the sales of CER and decreased marginal damage costs of air pollutants owing to CDM projects in addition to the equation (1). In this sense, decreased marginal damage costs of air pollutants owing to CDM projects are internalized within the total system cost in the equation (2).
A variety of constraints are supplied to make the solution more realistic. The constraints include resource availability, installed period and plant life of power generation technologies. The electricity supply must meet instantaneous demand at all times. The demand is given based on annual load demand curve in this study and the balance of the electricity supply and demand is expressed as an equation (3) where d s,h is the demand at the hour h in the year s, tdls s is the transmission and distribution (T&D) loss in the year s, and N s,h is the input to pumped storage plant at the hour h in the year s. Constraints are added to reflect the characterization of the CDM. Generated amount of CERs has to be equal to the decreased amount of CO 2 emissions from the baseline every year and this is indicated in an equation (6 where EM s,CO2,CDM is the project CO 2 emissions in the year s and EM s,CO2,baseline is the baseline CO 2 emissions in the year s. CDM projects will be implemented if they bring financial benefit for the national economy of the host country. The IRR of the project, including the revenues generated from emission credits, is used as an indicator for this criterion (Alexeew et al., 2010) . In addition, the benefits from the decrease of SO x and NO x emissions are included as the co-benefits of developing countries for CDM projects. The additionality relation is expressed as equations (7) and (8)
where irr is the benchmark IRR. The equation (7) shows that the power technologies cannot be introduced by CDM projects without the revenue from the selling CERs and To examine the additionality, the baseline CO 2 emission factor is determined by a combination of weighed average of operating margin (OM) emission factor and build margin (BM) emission factor. The OM is the emission factor that refers to the group of existing power plants whose current electricity generation would be affected by the proposed CDM project activity. The BM is the emission factor that refers to the group of prospective power plants whose construction and future operation would be affected by the proposed CDM project activity. The combined margin is expressed as an equation (9) where EF s is the baseline emission factor in the year s, w s,OM is the weight of OM in the year s, EF s,OM is the OM emission factor in the year s, w s,BM is the weight of BM in the year s, and EF s,BM is the BM emission factor in the year s. No constraint is set on investment money used to meet increased electricity demand in the future. The commercial and T&D losses have large impacts on electricity generation in India. These amount to 20% for the base year and the progressive decrease is assumed to reflect an improvement of the transmission loss (Shukla and Dhar, 2009 ).
Data

The commercial and T&D losses reach 14% in 2031.
A benchmark IRR of the project should be derived from actual CDM projects and is described in each Project Design Document (PDD). PDD is a precise project description and serves as the basis for the CDM project evaluation and contains baseline study, monitoring plan, stakeholders' comments, and details on ecological, socio-economic and development effects. We survey all India's coal-fired power projects and IRR of 14 % is provided according to the most frequent used IRR among the projects (UNFCCC). Thus, if a project achieves an IRR of more than 14%, it is assumed to have a positive impact on the national economy, whereas a project with an IRR of less than 14% is ineligible. The share of profit is 2% as is written in Marrakech Accords. The weights of OM and BM are set as 0.5 following the consolidated methodology for grid-connected electricity generation.
Specifications of India's power generation technologies
The power generation technologies in this study are determined based on Central Electricity Authority (2004), TERI (2006) , and Mallah and Bansal (2010) and shown in Table 1 . The data for CCS is derived from IEAGHG (2008) and Black (2010) . The differences among grids reflect the differences of the capacity factor. The levelized costs of CCS are higher except for oil-fired power generation. CCS requires CO 2 prices to be installed.
In addition, DeSO x and DeNO x technologies are equipped to fossil-fired power generation for the purpose of the mitigation of SO x and NO x emissions. Rather than limiting their quantity, the height of the flue gas stack is regulated under current policy.
Currently, only two power plants in India have installed a flue gas desulfurization (FGD) as the power plants are close to the densely populated city and an ecologically sensible area (Chikkatur and Sagar, 2007) . Also, deployment of DeNO x technology has been held by lack of statutory standards for NO x emissions (Chikkatur and Sagar, 2007) .
As a result, the compounded annual growth rate of SO x and NO x emissions is 6.8% and 7.3% between 1985 and 2005 in India's power sector (Garg et al., 2006) .
The assumption of the FGD is based on ESMAP (2004a) and ESMAP (2004b) and
the assumption related to the LNB and the SCR is determined by taking the technological level of the FGD into account and their specifications are shown in Table   3 . The left side of the removal rate of the LNB and the SCR corresponds to coal-and oil-fired power generations and the right side corresponds to gas-fired power generations. These technologies are installed on both the existing plants and the newly installed plants. Table   4 . The prices rise steadily in response to expected higher demand and lower resource availability in the world. Thus, the oil and the gas prices rise relatively faster than the coal prices.
Fuel
To calculate CO 2 emitted through the combustion of fossil fuels, CO 2 emissions intensity of fossil fuel is represented. The intensity is obtained from Hondo et al. (1998) and shown in Table 5 . Information Services, 2006) . This share is expected to pursuit in the future (Gupta, 2002) . The daily availability of natural gas in India through domestic extraction and import through LNG terminals and pipelines are derived from TERI (2006).
Electricity demand
Electricity demand is the principal driver of electricity generation from the power sector. Electrical demand has been growing in India and is expected to rise significantly in the future. The demand growth is a result of strong economic growth and greater accessibility to electricity grids during the period. This increase is expected to persist in medium and long terms. The future electricity demand is determined based on the projection of IEEJ (2009). The projection is based on an econometric model which considers social and economical changes to examine future Asian energy demand. The model also contains a shift of end-use technologies. The annual electricity growth rates are 5.8% from 2007 to 2020, 5.7% from 2020 to 2030, and 5.5% from 2030 to 2035.
The annual load duration curves of the two power grids are developed. State-wise peak met demand is derived from CEA (2008). Annual load duration curves of Southern grid is obtained from Southern regional power committee (2007) and those of NEWNE is estimated based on the annual load duration curves of Southern grid. The growth rates are assumed to be identical among each grid and each hour.
Environmental regulation
Government of India has formally conveyed to the UNFCCC that India will endeavour to reduce the emissions intensity of its GDP by 20-25% by 2020 in comparison with the 2005 level through domestic mitigation actions. This reduction target involves the power sector. This decrease trend is expected to continue in the future. The cap is applied in this study and shown in Table 6 . Krewitt, 2002) . We use the marginal SO x and NO x damage costs of Mumbai applying a rapid damage assessment model (Lvovsky et al., 2000) . for SO x and US$450/t for NO x are applied to IGCC with CCS projects in the CDM. Kapila (2009) states that heavy industry sector which significantly uses electricity is expected to expand its production by 4 to 5 folds by 2020 with "heavy carbon footprints" with a strong economic growth and CCS introduction seems very timely.
Thus, the year when CDM projects are implemented is set as 2021 in accordance with the suitable timing of the CCS introduction. The estimated installed capacity and power generation until 2016 is fixed from the baseline in the three scenarios. In addition, the installed capacity and the power generation of must-run technologies are fixed from the baseline through the time horizon. The length of the crediting period is 10 years according to the PDDs submitted as India's coal-fired power projects.
Results
This study evaluates impacts of including the co-benefits into the CDM on potential of installed capacity of CCS projects with an LP model. In addition, cumulative emissions of CO 2 and air pollutants; and reduction benefits yielded from CCS projects are estimated under different CER prices. The relationship between CER prices and marginal damage costs of air pollutants is identified. Only IGCC with CCS is installed in this model since adding CCS to PC and NGCC provides more costly than IGCC. In particular, NGCC with CCS is not installed since coal price is relatively cheaper than gas in the case of India. Since USC with CCS and NGCC with CCS are not introduced, the results in regard with these technologies are omitted.
Installed capacity in the baseline scenario
No power plants are installed in the CDM when the CER prices are below US$56/tCO 2 in the NEWNE grid and US$49/tCO 2 in the Southern grid in the CDM_NC scenario. India obtains no profit through selling the CERs generated by IGCC with CCS projects in the CDM below US$49/tCO 2 . The CER prices of US$49/tCO 2 make IGCC with CCS projects in the CDM economically viable with 26.3GW in the South grid. In the NEWNE grid, IGCC with CCS is installed at 119.45GW at the CER price of US$56/tCO 2 . This difference is attributed to the difference of power generation of 2021 in the baseline scenario and the capacity factor of IGCC with CCS in each grid. At the CER price of US$60/tCO 2 , IGCC with CCS is installed at 127.68GW in the NEWNE grid and 30.95GW in the Southern grid. Thus, IGCC with CCS is substantially installed in the CDM when it becomes economically viable with a substantial decrease of CO 2 emissions. This is due to the fact that CCS reduces CO 2 emissions drastically at once.
When co-benefits are included, IGCC with CCS becomes economically viable at a lower CER price. IGCC with CCS is installed at the CER price of US$55/tCO 2 in the NEWNE grid in the CDM_LC scenario while IGCC with CCS is installed at the same price in the Southern grid. In the CDM_HC scenario, IGCC with CCS is installed at the CER price of US$52/tCO 2 in the NEWNE grid and US$44/tCO 2 in the Southern grid.
Thus, CCS projects in the CDM will be more widespread at lower CER prices with an inclusion of co-benefits. Although reduction rates of air pollutants from the baseline are higher than those of CO 2 emissions, reduction benefits from air pollutants are limited. This is due to the fact that emitted amount of CO 2 is much larger than that of air pollutants in the baseline. Thus, reduction amount of CO 2 emissions from the baseline is much larger than that of air pollutants. The reduction benefits of air pollutants account for 0.6% of total reduction benefits in the CDM_LC scenario. In the CDM_HC scenario, the reduction benefits of air pollutants account for between 6.03% and 9.11% of total reduction benefits.
Sensitivity analysis
In order to clarify the relationship between CER prices and marginal damage costs of air pollutants, sensitivity analysis is conducted. Thus, the impacts of the co-benefits are larger in the Southern grid. This is found that including the co-benefits into CDM attracts the grids where coal-fired power generates more largely than gas-fired power. However, it can be concluded that the affects of the co-benefits are limited in the case of CCS.
Conclusion
CCS is one of the most effective ways to combat global warming in medium and long terms. CCS is discussed to be included as project activities under the CDM.
Coal-fired power generation with CCS potentially contributes to achieve the decrease of CO 2 emissions and air pollutants as well. An LP model is developed to evaluate the potential of installed capacity of IGCC with CCS in the CDM in India's power sector.
The affects of inclusion of co-benefits on the potential of installed capacity of IGCC with CCS are examined at different CER prices with a scenario analysis. Three results are obtained from this study.
First, large quantity of IGCC with CCS becomes realizable when the CER prices are above US$56/tCO 2 in the NEWNE grid and above US$49/tCO 2 in the Southern grid.
USC with CCS and NGCC with CCS are not installed since IGCC with CCS is installed significantly as the CER prices increase. From the model calculation, it is found that IGCC with CCS is more competitive than USC with CCS and NGCC with CCS owing to a relatively low LCOE in the case of India. A limited number of IGCC with CCS increases up to US$60/tCO 2 . CCS has a threshold for the introduction by CDM projects since CCS reduces CO 2 emissions dramatically once. Thus, most of the CCS potential in the CDM can be realized when IGCC with CCS becomes economically viable.
Second, this is found that including co-benefits contributes to decrease CO 2 emissions and air pollutants with introduction of IGCC with CCS in the CDM at lower CER prices than the case of the absence of co-benefits. IGCC with CCS is installed at lower CER prices when the marginal damage costs of SO x and NO x are added to the CER price. Thus, CO 2 emissions and air pollutants decrease from the baseline at lower CER prices.
Third, the effects of the co-benefits are limited in the case of CCS because CCS contributes to reduce larger amount of CO 2 emissions than that of air pollutants. It is clarified from the sensitivity analysis that total air pollutants of US$200/t in the Southern grid and US$250/ t in the NEWNE grid lead to CER prices of US$1/tCO 2 reduction. Thus, addressing the co-benefits attracts developing countries where marginal damage costs of air pollutants are high to include CCS projects in the CDM.
